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For many years  t ra jectory analysts  have been promoting the idea of using opt imal  l i f t ing or  
optimal pointing trajectories as a way of improving the performance capabili t ies of boost-  
launch systems. However, prior to the space shuttle,  the launch systems being b u i l t  were not 
well su i ted  to  the  use  of such trajectories;  the systems were incapable of producing substantial 
l i f t  and were structurally incapable of withstanding the additional airloads brought about by 
optimal pointing of  the thrust vector. Fortunately the space shuttle has these necessary 
capabi l i t i es  and thus it provides the trajectory analyst  with a new opportunity t o  demonstrate 
t h a t  t h e  use of op t imal  l i f t ing  and point ing t ra jector ies ,  as compared t o   b a l l i s t i c   t r a j e c t o r i e s ,  
can materially increase the performance capabi l i t i es  o f  boost-launch systems. Previous studies, 
such as reference 1, have parametrically studied the effect  of adding wing a r e a s  t o  a boost- 
launch vehicle. This paper summarizes the  performance gains which are possible through the use 
of optimal traject ,ories for a par t icular  shut t le  configurat ion and points out how these gains 
are produced . 
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CONFIGURATION STUDIED 
A three-view drawing of the shuttle configuration studied i s  shown in  f igu re  1. This i s  a 
ful ly  reusable  configurat ion in  which the orbi ter  s tage i s  mounted piggy-back s t y l e  on the 
booster stage, both having delta wings. The distance fpom the nose of t he  o rb i t e r  t o  the  t a i l  
of the booster i s  about 90 meters. The wing area of the orbi ter  i s  about 620 square meters 
while that  of the booster i s  about 790 square meters. For comparison, the wing area of the 
Boeing 747 i s  about 520 square meters. Figure 2 shows a superposed planview of the  shut t le  
over that of the Boeing 747. 
Three basic missions are considered in the sizing of the shuttle: a polar orbit mission, 
a 55' orbit inclination mission, and a 28.5' orbit  inclination mission. A polar orbit mission 
requirement of 18 140 kilograms (40 000 pounds) payload t o  a 50- by 100-nautical mile orb i t  
s ized the orbi ter  and booster elements. The weights of these two elements are as sham on 
f igure 1 with the gross launch weight being mound 2.29 million kilograms or about 
5 mill ion pounds. 
SHUTTLE CONFIGURATION STUDIED 
GROSS LIFT-OFF WEIGHT 2.29 MILLION kg 
BOOSTER LIFT-OFF WEIGHT 1.90 MILLION kg 
ORBITER LIFT-OFF WEIGHT 0.39 MILLION kg 
Figure 1 
SHUTTLE-BOEING 747 COMPARISON 
SHUTTIE CHARACTERISTICS 
The t h r u s t  t o  weight r a t i o s  of the booster and orbi ter  a t  ign i t ion  a re  1 . 3  and 1.5, 
respectively.  In modeling this  configurat ion for  the t ra jectory computation program one of 
the ground rules followed was tha t  the  ax ia l  acce le ra t ion  of the launch vehicle would not  be 
allowed t o  exceed 3g. This required engine throt t l ing in  each of the stages. Typical 
th rus t  and weight time h i s to r i e s  a re  shown i n  f i g u r e  3. Additional features of the  shut t le  
configuration are presented in figure 4. Another ground rule followed was tha t  t he  thrust 
P axis  be directed  through  the  vehicle  center of gravity.  
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l l l u N C  H CALCULATIONS 
As  descr ibed in  f igure 5 ,  a point mass trajectory optimization program, based on the steepest  
ascent technique of i terat ive t ra jectory opt imizat ion,  was used for  calculat ing the t ra jector ies .  
The program, described in reference 2, provided a fairly exact mathematical model of the shut t le .  
This program i s  qui te  versa t i le  and i s  capable of optimizing and simultaneously satisfying a wide 
var ie ty  of constraints.  Examples a r e  t o  constrain cer ta in  port ions of  the f l ight  to  f ly  a 
specified angle-of-attack program or to constrain an airload parameter, the product of dynamic ki 
03 
pressure and the angle of a t tack (;a), t o  be below a specified limiting value. The program was 
operated with various constraints for this study but was always operated t o  maximize the payload 
for  a prescribed propellant loading. Vehicle launches were assumed to  take place from Kennedy 
Space Center. The ear th  model used was a spherical  rotating earth with the 1959 ARDC model 
atmosphere (reference 3 ) . 
LAUNCH  CALCULATIONS 
1. USED ITERATIVE STEEPEST ASCENT  METHOD 
2. CALCULATED THE M A X I M U M  PAYLOAD FOR FIXED STRUCTURE 
AND FUEL LOAD ING 
3. LIMITED THE AXIAL ACCELERATION TO 3g OR LESS 
4. DIRECTED THE THRUST VECTOR THROUGH THE VEHICLE C. G. 






Typical aerodynamic da ta  in  the  form of l i f t  coeff ic ient  plot ted against  drag coeff ic ient  
for  several  Mach numbers a re  shown in  f igu re  6. One of the character is t ics  of this configuration 
i s  that it has a posit ive aerodynamic l i f t  coeff ic ient  a t  zero angle  of a t tack  so that it was 
necessary t o  program the angle of a t tack t o  obtain a b a l l i s t i c ,  o r  nonl i f t ing,  t ra jectory 
during atmospheric flight fo r  comparison with the l i f t ing t ra jector ies .  This  character is t ic  
a lso  casts  some doubt upon the   va l id i ty  of  using  the  airload  parameter as a basic 
parameter in structural  considerations since appreciable l i f t  i s  generated on a zero angle-of- 
attack trajectory.  This w i l l  become  more apparent i n  the  r e su l t s  t o  fo l low.  
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SHUTTIE  MISSION  PAYLOAD 
Payload improvements possible through the use of opt imal  l i f t ing t ra jector ies  for  the 
three different missions are shown in  f igure  7. The payload t o  a 50- by 100-nautical-mile 
o rb i t  i s  plotted against  mission in terms of the mission orbit inclination. Three curves a r e  
shown: the lower one for  a nonl i f t ing t ra jectory,  the upper one for  an unconstrained, l i f t ing 
t ra jectory,  and the  th i rd  f o r  a l i f t ing t ra jectory constrained t o  a maximum allowable {u. 
Note that the polar mission, nonlifting data point indicates that 18 140 kilograms 
(40 000 pounds) payload can be orbited. The paxload i s  roughly doubled by launching due east 
from Kennedy Space Center indicated a t  the 28.5 orbit  inclination point.  
(50 000 pounds) payload can be orbited. This represents about 4500 kilograms (10 000 pounds) 
or a 25 percent increase in payload capability for this mission. For other missions, the 
payload improvement increases with decreasing orbi t  incl inat ion to  a maximum of 6000 kilograms 
For the unconstrained optimal-lifting polar trajectory, approximately 22 640 kilograms 
P (13 200  pounds) a t  28.5' inclination. s The performance gain  indicated by the  unconstrained  curve i s  probably  impossible t o  achieve 
KI since it requires the vehicleoto pitch down at  very high pitch rates immediately after launch 
( a  p i t ch  a t t i t ude  of about 50 a t  1 5  seconds i n t o  f l i g h t  i s  required). A h 9 J  the vehicle would 
have t o  be  designed t o  withstand qa a i r loads  in  exc ss of 345 000 deg-N/m (about 7200 deg- 
psf ) ,  where current design values are 134 000 deg-N/m (2800 deg-psf ), and the  wing body must 
be structured t o  carry up t o  2.1 million kilograms (4.6 million pounds) of l i f t .  This i s  
probably too much t o  expect. However, it i s  possible to achieve a large par t  of the performance 
improvement by simply  constraining  the E& t o  be below a specified  value. The curve 
labeled  "constrained"  limited  to 134 000 deg-N/m2 and, as  can  be seen  for  the  polar 
design point mission, increased payload by about 3500 kilograms' (7700 pounds) as compared t o  
4500 kilograms f o r  the unconstrained trajectory. Similar resul ts  are  sham for  the other  
missions. 
efficiently use i t s  l i f t i ng  capab i l i t y  and a pa r t  t o  t he  ab i l i t y  to  po in t  t he  thrust vector 
i n  the  optimum direction. Later in the paper the portion of the  improvement due t o  l i f t i n g  
and the portion due t o  thrust  pointing w i l l  be separately evaluated. 
E 
X 
A par t  of these payload improvements may be a t t r i bu tab le  to  the  ab i l i t y  of the  vehic le  to  
SHUTTLE MISSION PAYLOAD CAPABILITY 
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PAYLOAD FOR POUR ORBIT 
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For the  moment, however, the polar orbit mission w i l l  be examined i n  more de ta i l .  In  
particular,  since ga i s  used as a basic design parameter, the way tha t  payload varies as 
maximum allowable qa i s  increased will be shown. In figure 8 the payload to orbit  for the 
polar mission i s  plot ted against  (cab,. Also shown  on the  p lo t  i s  t he  payload injected using 
a nonlift ing trajectory.  As can  be  seen, the payload obtainable with (<aLax = 0 shows a 
substantial payload increase over that of the nonl i f t ing t ra jectory.  This i s  because of the 
l i f t  generated a t  zero angle of attack, as previously mentioned. An2interesting characteristic 
of t h i s  curve i s  the bend i n  t h e  v i c i n i t y  of (CuL = 55 000 deg-N/m . This indicates  that  
X 
perhaps a good design value of f o r  l i f t i ng  t r a j ec to r i e s ,  f o r  th i s  configuration, might 
be around 55 000 t o  65 000 t o  1400 deg-psf) which i s  about half of the current 
design guideline. O f  course, th i s  number would have t o  be increased to provide for off-nominal 
t ra jec tor ies ,  winds,  and so  forth.  However, the horizontal  wind shear problem i s  not as severe 
as one might think because the flight-path angles of t he  l i f t i ng  t r a j ec to r i e s  are considerably 
lower i n  the region of maximum <a than those of  t he  ba l l i s t i c  t r a j ec to ry .  As a consequence, 
the l i f t i ng  t r a j ec to r i e s  a re  l e s s  s ens i t i ve  to  ho r i zon ta l  wind shear. 
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VEIxx:ITY LOSSES 
A par t  of the possible payload improvement shown i s  due t o  optimal pointing of the  thrus t  
vector and a par t  i s  due t o  optimal use of the l i f t  capabili ty of the configuration. Both of 
these factors are important in the reduction of the major source of velocity loss, that loss 
due t o  gravity. The major loss sources which prevent the realization of the  idea l  AV of a 
configuration are: gravity loss, drag loss, engine back pressure loss, and thrust  vector i rg  
loss. In  order  to  show  how these losses vary as the l i f t  force changes, a new parameter i s  
required. This new parameter i s  shown  on the abscissa of f igure 9 and i s  simply the integrated 
l i f t  acceleration. The ordinate i s  the AV loss and the data points correspond  togthe non- 
l i f t i ng  t r a j ec to ry  and a (q -% of 0, 19 000, 67 000, 134 000, and 345 000 deg-N/m  moving 
from l e f t  t o  r i g h t .  Both the ack pressure loss and the thrust  vectoring loss a re  r e l a t ive ly  
small, between 60 and 90 m/s, and are  re la t ively insensi t ive to  t ra jectory shaping so that not 
too much can be done about them. The gravity loss AV, however, i s  about 1290 m/s (about one- 
I" seventh  of  the  ideal AV) for a ba l l i s t i c   t r a j ec to ry  and the  drag loss i s  about 135 m/s. An 
0 
cn -J optimal  trajectory w i l l  tend t o  make the  best   use of thrust   pointing and l i f t  generat ion, in  order  to  reduce the total  veloci ty  loss. This i s  accomplished by reducing the gravity loss 
but i s  accompanied by increases in the drag loss. As shown on t h e  t o t a l  curve, the gravity 
lo s s  decreases  are  just  about  equal  to  the increases  in  drag,  back pressure, and thrust 
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Figure 9 
VELOCITY LOSS SOURCES 
In  order  to  further  illustrate  this  mechanism,  figure 10 shows  time-history  comparisons 
during  booster  burn  between  gravity loss acceleration  (g  sin 7) and  drag  acceleration  (D/m) 
for  three  trajectories:  the  nonlifting or ballistic,  the  constrained  lifting,  and  the 
unconstrained  lifting  optimals. As can  be  seen  in  the  time  histories,  since  the  gravity  term is
proportional  to  sin y ,  the  tendency of the  optimal  lifting  trajectories is to  decrease  the 
flight-path  angle  very  quickly  and  thereby  reduce  the  gravity  acceleration  as  soon  as  possible. 
P This  is  accomplished  at  some  expense  in  the  drag  term. 
3 
03 
VELOCITY  LOSS SOURCES 
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In figure 11, flight-path angle, velocity, and altitude during booster burn are sham for 
each of the  t ra jec tor ies .  As expected, the optimal l if t ing trajectories f ly  lower  and faster 
than the nonlift ing.  Note a l so  the  much lower flight-path angles of t he  l i f t i ng  t r a j ec to r i e s  
which makes them less  sens i t ive  to  hor izonta l  wind shear during the period of 6Lx, generally 
occurring  around 40 seconds. In figure E, t ime histories for l i f t ,  dynamic pressure, qu 
- 
during booster burn are shown. This figure shows an additional curve corresponding t o  t h e  
t ra jectory constrained to  (GaLx = 67 000 deg-N/m (1400 deg-psf).  This  case  remained on i ts  
G L X  boundary for some time, and yet  i t s  peak l i f t  of about 900 000 kilograms (2 million 
pounds) i s  about  he same magnitude as t h a t  of the (<% = 134 000 deg-N/m case.  In  addition 
to  the  very  h igh  ia peak for the unconstrained case as previousb s ta ted,  note  that  the mon- 
l i f t i n g  case had fairly substantial negative values of :a in order t o  maintain zero lift 
during  booster  burn. It should a l so  be observed tha t  for  the  l i f t ing  case  ({&x occurs 







maX and %x occur a t  t h e  same time. 
LAUNCH TRAJECTORIES 
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OPTIMAL POINTING-LIFTING . .  
. -  
I 
In order to separately evaluate the effects of l i f t i n g  and thrust pointing, a br ie f  
computer study was conducted i n  which the allowable Tu was l imi t ed  to  134 000 deg-N/m . For 2 
one t ra jectory,  the effects  of l i f t  were eliminated by a r t i f i c i a l l y  s e t t i n g  t h e  l i f t  and induced 
d r a g  coeff ic ients  t o  zero. As  shown in  f igu re  13, t h i s  case then showed a payload improvement of 
some 1700 kilograms over the nonlifting case, and ye t  showed some 1800 kilograms less than when 
the  l i f t  and induced drag effects were included in the computations. It i s  thus surmised that 
about 50 percent of the improvement was due t o  the a b i l i t y  to optimally point the thrust  vector in 
re la t ion  to the path and tha t  about 50 percent was due t o  t he   add i t iona l   ab i l i t y   t o   u t i l i ze  l i f t .  
OPTIMAL  POINTING-LIFT 
TRAJECTORY TYPE MYLOAD, kg 
a( t )  FOR ZERO LIFT 
OPTIMAL POINTING, 
NO LI FTl NG 

















One of the factors  which shuttle designers are concerned about, and which has not yet 
been mentioned, i s  the heating load experienced by the vehicle. One measure of the heating 
load i s  the laminar stagnation-point heat rate f o r  a sphere of unit radius and i t s  integral .  
The hea t  r a t e ,  i n  watts/m , i s  shown plot ted against  t ime in  f igure 14  fo r  each of the cases 
previously mentioned. Tabulated values of the  in tegra l  of th i s  re la t ion  a t  booster and 
orbiter burnout times are given i n  t h e  i n s e r t .  Note that the heating rates during orbiter 
burn have been somewhat reduced by the use of lifting t ra jec tor ies .  The heating rates are 
increased during booster burn but those rates  may not be a c r i t i ca l  i t em in  the  boos te r .  A 
close examination of the tabulated resul ts  shows that the orbiter stage experiences a s l igh t ly  
less severe environment on l i f t i ng  t r a j ec to r i e s  t han  on nonl i f t ing t ra jector ies .  
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HEATING RATE TIME-HISTORY COMPARISON 
HEAT1 NG INTEGRAL 
214 sec 
UNCONSTRAINED 12 285 OOO 31 710 OOO 
12 150 OOO 31 935 OOO -- -  CONSTRAINED 
29 275 OOO 8 115 OOO ""- NONLl FTI NG 3 
426 sec 
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C ONC ULiD ING REMARKS 
During ascent the booster-orbiter configuration needs t o  create  about 900 000 kilograms of 
l i f t .  This should not be a factor  of concern since the booster alone i s  structurally designed 
fo r  l i f t  loads of about 1.36 million kilograms (3 million pounds). For a configuration of 
this  type,  the iner t ia  loads created by the orbi ter  on the booster during the lifting tra- 
jector ies  would require a more careful  examination. 
In  summary, the use of l if t ing trajectories,  with reasonable values of the air load 
parameter (ictLX can r e s u l t  i n  payload increases on the order of 15 t o  20 percent without 




1. E l l i o t t ,  J a r r e l l  R.; and  Rau,  Timothy R. Optimal  Payload Trajectory Cha;racteristics for 
Horizontally Launched Vehicle. J. Spacecraft  Rockets, vol. 3, no. 2, Feb. 1968, 
pp. 218-220. 
2. Stein, Laurence H.; Matthews, Malcolm L.; and Rrenk, Joe l  W.: STOP - A Computer Program for  
Supersonic  Transport  Trajectory  Optimization. NASA CR-793, 1967. 
3. Minzner, R. A. ; Champion, K. S. W. ; and Pond, H. L. : The ARDC Model  Atmosphere 1959. 
AF'CRC-TR-59-267, U.S. A i r  Force, Aug. 1 9 9 .  
